-Exercise training enhances agonist-mediated relaxation in both control and collateral-dependent coronary arteries of hearts subjected to chronic occlusion, an enhancement that is mediated in part by nitric oxide. The purpose of the present study was to elucidate exercise training-induced adaptations in specific cellular mechanisms involved in the regulation of endothelial nitric oxide synthase (eNOS) in coronary arteries of ischemic hearts. Ameroid constrictors were surgically placed around the proximal left circumflex coronary artery (LCX) of adult female Yucatan miniature swine. Eight weeks postoperatively, animals were randomized into sedentary (pen-confined) or exercise training (treadmill run; 5 days/ wk; 14 wk) protocols. Coronary artery segments (ϳ1.0 mm luminal diameter) were isolated from collateral-dependent (LCX) and control (nonoccluded left anterior descending) arteries 22 wk after ameroid placement. Endothelial cells were enzymatically dissociated, and intracellular Ca 2ϩ responses (fura 2) to bradykinin stimulation were studied. Immunofluorescence and laser scanning confocal microscopy were used to quantify endothelial cell eNOS and caveolin-1 cellular distribution under basal and bradykinin-stimulated conditions. Immunoblot analysis was used to determine eNOS, phosphorylated (p)-eNOS, protein kinase B (Akt), pAkt, and caveolin-1 protein levels. Bradykinin-stimulated nitrite plus nitrate (NOx; nitric oxide metabolites) levels were assessed via HPLC. Exercise training resulted in significantly enhanced bradykinin-mediated increases in endothelial Ca 2ϩ levels, NOx levels, and the distribution of eNOS-to-caveolin-1 ratio at the plasma membrane in endothelial cells of control and collateral-dependent arteries. Exercise training also significantly increased total eNOS and phosphorylated levels of eNOS (pSer 1179 ) in collateral-dependent arteries. Total eNOS protein levels were also significantly increased in collateral-dependent arteries of sedentary animals. These data provide new insights into exercise traininginduced adaptations in cellular mechanisms of nitric oxide regulation in collateral-dependent coronary arteries of chronically occluded hearts that contribute to enhanced nitric oxide production. coronary artery disease; coronary circulation; nitrate; nitrite; porcine CORONARY ARTERY DISEASE is associated with progressive impairment of endothelial function, including changes in endo-
thelium-dependent vasomotor reactivity (11) (12) (13) (14) . Previous reports demonstrate that exercise training reverses impaired vasomotor responsiveness of the coronary vasculature observed under pathological conditions, primarily through improvements in endothelial function in both experimental models of coronary artery disease and patients with symptomatic coronary artery disease (11, 13, 14, 18) . Specifically, exercise training attenuated paradoxical vasoconstriction and increased coronary blood flow in response to acetylcholine in coronary artery disease patients (13, 14) . Furthermore, in a porcine model of chronic coronary occlusion, endothelium-dependent relaxation to bradykinin and ADP was enhanced following exercise training (10) . These improvements in endothelial function have been associated with improvements in nitric oxide bioavailability following exercise training (10, 11, 13, 40) . However, cellular and molecular mechanisms responsible for improvements in nitric oxide bioavailability in coronary artery disease subsequent to exercise training have not been fully elucidated.
Intracellular Ca 2ϩ is one of the primary mediators of agonist-mediated activation of endothelial nitric oxide synthase (eNOS). Binding of Ca 2ϩ -dependent calmodulin is required for the transfer of electrons from the reductase domain to the oxygenase domain for the enzyme to achieve maximal activity (32) . Furthermore, in plasmalemmal caveolae, eNOS association with caveolin-1 suppresses eNOS activity under basal conditions (21) . Agonist-stimulated increases in intracellular Ca 2ϩ also destabilize the eNOS/caveolin-1 complex through the binding of Ca 2ϩ -calmodulin, enhancing eNOS activity (26) and nitric oxide production. Previous findings that endotheliumdependent relaxation is improved after exercise training in the underlying setting of coronary artery disease suggested to us that alterations in agonist-mediated endothelial Ca 2ϩ levels may contribute substantially to adaptations associated with exercise training. Furthermore, cellular redistribution of caveolin-1 and eNOS after agonist-mediated dissociation of the complex is also thought to contribute to the regulation of nitric oxide. Although the regulation of eNOS activity by its association with caveolin-1 has been established and well studied, it remains unclear how the association of these proteins and the regulatory actions of caveolin-1 on eNOS activity are influenced by coronary artery disease and exercise training.
Phosphorylation of eNOS is also recognized as a regulatory mechanism of eNOS activity. Although numerous phosphorylation sites on eNOS have been identified, the functional consequences of porcine Ser 1179 and Thr 497 (equivalent to Ser 1177 and Thr 495 in humans) appear to be the best understood.
Previous reports indicate that increased phosphorylation at Ser 1179 results in enhanced electron flux and increased Ca 2ϩ sensitivity of eNOS (5, 25) . On the other hand, phosphorylation at Thr 497 appears to interfere with the binding of Ca 2ϩ -calmodulin to the Ca 2ϩ -calmodulin binding domain and thereby inhibits eNOS activity (7) . Dephosphorylation of this residue is generally associated with agonist-stimulated increases in intracellular Ca 2ϩ levels, removing the inhibitory actions of this phosphorylated residue (7) . Exercise training has been reported to increase phosphorylation levels of Ser 1179 in the left internal mammary artery of coronary artery disease patients; however, the effects of exercise training on the phosphorylation levels of Thr 497 have not been assessed previously in diseased patients or clinically relevant animal models.
Based on the paucity of information related to the effects of exercise training on these regulatory pathways of eNOS in the underlying setting of coronary artery disease, the purpose of the present study was to elucidate exercise training-induced adaptations in specific cellular mechanisms involved in the regulation of eNOS in coronary arteries of ischemic hearts. (10, 17) . Animals were preanesthetized with glycopyrrolate (0.004 mg/kg im) and midazolam (0.5 mg/kg im). Anesthesia was induced with ketamine (20 mg/kg im) and maintained with 3% isoflurane and 97% O 2 throughout aseptic surgery. Sham-operated pigs were subjected to the entire surgical procedure with the exception of placement of the ameroid constrictor. Animals recovered from the surgery for 8 wk before the experimental protocols were initiated. Overall mortality in this study was 11.7% of instrumented pigs, which was attributable to sudden cardiac death occurring at the approximate time that the LCX artery typically becomes completely occluded.
MATERIALS AND METHODS

Experimental
Exercise training. Ameroid-occluded animals were randomly assigned to either a sedentary (n ϭ 58) or exercise training (n ϭ 60) group. Sham-operated pigs (n ϭ 6) were assigned to the sedentary protocol. Exercise-trained pigs underwent a progressive treadmill exercise training program (5 days/wk for 14 wk) as described previously (10, 17) . Pigs were run at ϳ75% maximal O 2 consumption, based on O2 consumption data obtained from Yucatan miniature swine by McAllister and colleagues (24) . Sedentary animals were confined to their pens for the duration of the experimental protocol. Effectiveness of the exercise training program was determined by comparing heart-to-body weight ratio and skeletal muscle citrate synthase activity as previously described (17) .
Coronary angiography. Angiography was performed 22 wk after surgical placement of the ameroid constrictor with the animal under general anesthesia. Hemodynamics were monitored throughout the procedure. Arterial access was obtained by surgical cutdown of the carotid artery. The left main coronary artery was catheterized with a 6-Fr guiding catheter (Vista Brite Tip; Cordis) introduced over a 0.035-in. guidewire. Selective coronary angiography was performed with nonionic contrast (Oxilan 350; Guerbet).
Preparation of coronary arteries. After ameroid placement (22 wk), animals were anesthetized with ketamine (30 mg/kg) and pentobarbital sodium (30 mg/kg). The hearts were removed and placed in ice-cold Krebs bicarbonate buffer (0 -4°C) for isolation of the collateral-dependent LCX and the nonoccluded, control left anterior descending (LAD) coronary arteries. Visual inspection at the ameroid occluder during dissection of the LCX artery indicated 100% occlusion in all animals used in this study. With the aid of a dissection microscope, segments of the LCX (distal to the site of occlusion) and LAD arteries were trimmed of fat and connective tissue and cut into rings.
Endothelial cell dissociation. Segments of collateral-dependent LCX and nonoccluded LAD coronary arteries (ϳ1.0 mm luminal diameter) were cut longitudinally and pinned lumen side up in low-Ca 2ϩ (0.1 mM) physiological buffer containing 294 U/ml collagenase, 5 U/ml elastase, 2 mg/ml BSA, 1 mg/ml soybean trypsin inhibitor, and 0.4 mg/ml DNase I. For fura 2 studies, cells were enzymatically dissociated by incubation in a 37°C water bath for 20 min. The enzyme solution was then replaced with enzyme-free lowCa 2ϩ solution, and isolated cells were obtained by repeatedly directing a stream of low-Ca 2ϩ solution over the artery via fire-polished Pasteur pipette. For immunofluorescence studies, enzymatically dissociated cells were collected and transferred to a 15-ml conical tube, and 10 ml of enzyme-free low-Ca 2ϩ solution were added to the tube. The cells were centrifuged (Sorvall RT7 Plus; swinging bucket rotor RTH-750; 900 rpm) for 5 min, supernatant was removed, and the pellet was resuspended in 4 ml of DMEM complete medium.
Endothelial cell free Ca 2ϩ measurement. Freshly dissociated endothelial cells were incubated with the fluorescent Ca 2ϩ indicator fura 2-AM (2.5 M) at 37°C for 20 min. Cells were washed at 37°C for 20 min in sterile modified Eagle's minimal essential storage media to cleave extracellular fura 2-AM. Isolated cells were maintained in low-Ca 2ϩ solution at 4°C until use (0 -4 h). Fura 2-loaded cells were placed in a superfusion chamber and observed using an epifluorescence microscopy system, which permitted simultaneous evaluation of fura 2 fluorescence from multiple user-selected endothelial cells throughout an experimental protocol. Cells were excited with a 175-W xenon arc lamp with dual scanning galvanometers with 340-and 380-nm interference filters used for excitation wavelength selection (Sutter Instruments; Lambda DG-5). Fluorescence emission (510 nm) from selected endothelial cells was synchronized with the appropriate excitation wavelength and reflected to an interline-transfer, progressive-scan, cooled charge-coupled device video camera (CoolSNAP HQ; Photometrics) with a dichroic mirror. The microscope was equipped with a ϫ40 oil immersion objective, numerical aperature of 1.3. Fluorescent images were acquired using Metafluor dual wavelength Ca 2ϩ imaging software (Universal Imaging). Final data for estimates of intracellular free Ca 2ϩ are expressed as fluorescence ratio (F340/F380 nm) because of uncertainties in extrapolating in vitro calibrations to in situ measures as described previously (42) . Experiments were conducted at room temperature (22-25°C), and fluorescence data were sampled every 2 s. Cells were continuously superfused under gravity flow with physiological saline solution (PSS). Agonist additions at appropriate concentrations were made to PSS for determination of agonist-stimulated intracellular Ca 2ϩ responses. Immunolabeling of freshly isolated endothelial cells. Resuspended cells were seeded into eight wells of chambered cover glass, precoated with Cell-Tak to ensure rapid cell attachment. Cells were then incubated at 37°C for 1 h with ambient CO2 of 5%. The culture medium was removed, and fresh DMEM (0.2 ml) with or without bradykinin (10 Ϫ6 M) was added, followed by incubation at 37°C with 5% CO2 for 1 or 5 min. Cells were fixed in cold methanol-acetone (1:1) immediately after bradykinin treatment as previously described (36) . Primary rabbit anti-eNOS IgG, mouse anti-caveolin-1 IgM, and mouse anti-CD146 IgG were diluted at 1:100 in PBS, added to the appropriate wells, and incubated at room temperature for 1 h. After five washes with PBS, pH 7.4, and 0.05% Tween 20, secondary antibodies (1:100; goat anti-rabbit IgG-FITC, goat anti-mouse IgMRhodamine Red X, or anti-mouse IgG-Cy5; Jackson ImmunoResearch Laboratories) were added to the wells and incubated for 1 h at room temperature followed by five washes with PBS (pH 7.4). Optimal dilutions for antibodies were based on experiments where staining was performed with a range of dilutions. Control experiments were also performed with normal rabbit and mouse sera, omitting the primary antibodies and using secondary antibodies. These procedures assured optimization of the concentration for both antibodies and hence minimized nonspecific antibody staining.
Laser scanning confocal microscopy. An MRC-1024 point scanning laser confocal microscopy system (Bio-Rad) equipped with a Zeiss Axiovert 135 inverted microscope, fitted with ϫ63, 1.4 numerical aperture oil immersion lens was used. FITC, Rhodamine Red X, or Cy5 was excited with a 15-mW Kr-Ar laser using the 488-, 568-, or 647-nm bands, respectively. FITC, Rhodamine Red X, or Cy5 was detected through a DF522/35 filter, HQ598/40 band-pass filter, or DF522/35 filter, respectively. Confocal images were acquired with Laser Sharp Software (Bio-Rad) and analyzed with Laser Sharp, Metamorph (Molecular Devices), and Adobe Photoshop as described earlier (36) . The total pixel intensity of endothelial cell eNOS and caveolin-1 was determined in double-immunolabeled cells using Metamorph software.
Plasma membrane distribution of eNOS and caveolin-1. Distribution of both eNOS and caveolin-1 at the plasma membrane and intracellular sites was calculated as a percent distribution, as described for markers of other organelles (19) . Briefly, individual cells were selected, and user-defined regions were outlined to discern total and cytosolic pixel intensity. Intracellular intensity distribution of eNOS or caveolin-1 was estimated as total anti-eNOS or total anti-caveolin-1 pixels (I1), respectively, excluding pixels near the plasma membrane (I 2). The percentage of eNOS and caveolin-1 associated with the plasma membrane were individually estimated according to the expression, % ϭ (I1 Ϫ I2)/I1 ϫ 100.
Immunoblots. Arterial rings (ϳ5 mm length; ϳ1.0 mm diameter) were isolated from both the collateral-dependent LCX and nonoccluded LAD, and either incubated with bradykinin (30 nM) or PSS (basal) for specified durations at 37°C, then quick-frozen and stored at Ϫ80°C for later immunoblot analysis, as described in detail previously (8 Measurement of nitrite plus nitrate levels. First-order arterial branches (ϳ1-1.5 cm length) were isolated from both the collateraldependent LCX and nonoccluded LAD and incubated with bradykinin (1 M) for 10 min duration at 37°C. Rings were removed, and both supernatant and arteries were snap-frozen and stored at Ϫ80°C until processed. Nitrite plus nitrate (NOx), the stable oxidation products of nitric oxide, were measured in supernatant as indicators of nitric oxide synthesis using a fluorometric HPLC method modified from that described previously (20) . Briefly, nitrate was converted to nitrite by nitrate reductase, followed by the derivatization of nitrite with 2,3-diaminonaphthalene to form the highly fluorescent 2,3-naphthotriazole (NAT). NAT was separated on an XBridge 3.5-m reversedphase C18 column (150 ϫ 4.6 mm ID; Waters) guarded by a 5-m reversed-phase C18 column (20 ϫ 4.6 mm ID) and eluted with a 55% methanol-water mobile phase (flow rate, 0.5 ml/min). Fluorescence was monitored with excitation at 375 nm and emission at 415 nm.
Mean retention time for NAT was 4.5 min. The fluorescence intensity of NAT was linear within the 1-5 M standard curve employed.
Isometric tension studies. Coronary rings were measured with a calibrated Filar micrometer eyepiece (Hitschfel Instruments) in a relaxed, unstretched state and then mounted on two stainless steel wires passed through the artery lumen. One wire was fixed to a force transducer (Grass FT03; Grass Instruments) and the other to a micrometer microdrive (Stoelting/Prior Microdrive) to allow precise changes in circumferential length of the vessel. The mounted arterial ring was lowered into a 20-ml tissue bath containing Krebs bicarbonate buffer at 37 Ϯ 0.5°C and aerated with 95% O2-5% CO2. Coronary rings were progressively stretched to the maximum of the lengthdeveloped tension relationship at which pharmacological responsiveness was evaluated, as described previously (16) .
Solutions. Krebs buffer for isometric tension studies contained (in mM): 131.5 NaCl, 5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, 11.2 glucose, 13.5 NaHCO 3 and 0.025 EDTA. PSS used for fura 2 and NOx experiments contained (in mM): 2 CaCl 2, 143 NaCl, 1 MgCl2, 5 KCl, 10 HEPES, and 10 glucose, pH 7.4. Cells used for fura 2 experiments were rinsed in sterile modified Eagle's minimal essential storage media that contained (in mM): 135 NaCl, 5 KCl, 0.34 NaH2PO4, 1 MgCl2, 2 CaCl2, 10 glucose, 2.6 NaHCO3, 0.44 KH 2PO4, and 20 HEPES and (vol/vol) 0.02 amino acids, 0.01 vitamins, 0.002 phenol red, 0.01 penicillin/streptomycin, and 2% horse serum, pH 7.2 with NaOH at 23°C and passed through a sterile filter to a final pH of 7.4. Fura 2-AM loading solution contained 2.5 M fura 2-AM, 0.5% cremophor, and 5% BSA. The loading solution was vortexed for 1 min and then sonicated for an additional 1 min to increase solubilization of fura 2-AM. Drugs were obtained from Sigma Chemical (St. Louis, MO) unless otherwise noted. Endothelial cell dispersion chemicals were obtained from Worthington Chemicals. Nitrate reductase and NADPH were obtained from Roche.
Statistical analysis. Body weight, heart-to-body weight ratio, and citrate synthase values were compared using Student's t-tests. Isometric tension studies were analyzed using one-way ANOVA with planned orthogonal contrasts for post hoc analysis (4) . Other data sets were compared using one-way ANOVA followed by Bonferroni or Games-Howell post hoc analysis, as appropriate based on homogeneity of variances, when a main effect was identified. For all analyses, a P value Յ0.05 was considered significant. Data are presented as means Ϯ SE, and n values in parentheses reflect the number of animals studied or the number of animals and cells studied for fura 2 experiments. For isometric studies, when more than one vascular ring from a single coronary artery was used in identical protocols, the responses from these rings were averaged before data analyses were conducted.
RESULTS
Efficacy of the exercise training program.
Effectiveness of the 14-wk exercise training program was demonstrated by significant increases in skeletal muscle oxidative enzyme capacity and an increased heart-to-body weight ratio in exercisetrained compared with sedentary animals. Citrate synthase activity increased significantly (P Ͻ 0.001 for all comparisons) in the deltoid muscle ( Angiography of chronic coronary artery occlusion and collateral perfusion. Figure 1 displays serial coronary angiographic images that confirm that blood flow through the LCX at the site of occlusion was completely abolished by the ameroid constrictor. Relatively large, tortuous collateral vessels supplying the LCX artery distal to occlusion are clearly visible in both panels of the angiogram. These collaterals appear to originate from the proximal LAD and LCX (proximal to occluder) and "bypass" the occlusion. Smaller intramyocardial collaterals are likely also present (45) but are difficult to visualize by angiography. Importantly, because complete ameroid-induced LCX occlusion is evident, the myocardial region formerly perfused by the native LCX artery is, by definition, now fully dependent upon perfusion via collateral vessels such as those observed in Fig. 1 .
Basal and bradykinin-stimulated intracellular Ca 2ϩ levels in conduit endothelial cells. We evaluated cytosolic free Ca 2ϩ levels (fura 2) under both basal and bradykinin-stimulated conditions in isolated endothelial cells from both the collateraldependent and nonoccluded arteries. Figure 2 , A and B, shows our experimental protocol and demonstrates mean Ca 2ϩ responses in endothelial cells from both nonoccluded ( Fig. 2A) and collateral-dependent (Fig. 2B) arteries of sedentary and exercise-trained animals. As shown in Fig. 2C , basal cytosolic Ca 2ϩ levels were significantly lower in endothelial cells from arteries of exercise-trained compared with respective arteries from sedentary animals. Furthermore, basal Ca 2ϩ levels were significantly lower in endothelial cells from collateral-dependent compared with control arteries of exercise-trained pigs (Fig. 2C) . The peak cytosolic Ca 2ϩ response to bradykinin stimulation was calculated by subtraction of basal Ca 2ϩ levels from the peak Ca 2ϩ response to bradykinin to generate the peak ⌬fura 2 ratio (Fig. 2D) . Importantly, exercise training significantly enhanced the peak Ca 2ϩ response to bradykinin in coronary endothelial cells isolated from both control and collateral-dependent arteries compared with cells from sedentary pigs (Fig. 2D) . Peak cytosolic Ca 2ϩ response to bradykinin stimulation in sham-operated animals did not differ between endothelial cells isolated from the LAD (0.37 Ϯ 0.04 ratio units; n ϭ 6) and LCX (0.42 Ϯ 0.08 ratio units; n ϭ 6) arteries and was not significantly different from the control LAD of chronically occluded animals (Fig. 2D) . Based on our observation of a delayed recovery of the bradykinin-stimulated Ca 2ϩ response in cells from the collateral-dependent artery from exercise-trained pigs (Fig. 2B) , we also assessed the area under the Ca 2ϩ response curve to bradykinin in the same cells. Area under the curve was calculated for the duration of bradykinin exposure (minutes 3-8) using basal Ca 2ϩ levels as the baseline for the area under the curve. Area under the curve was significantly increased in endothelial cells from both the control and collateral-dependent arteries of exercise-trained pigs compared with cells from the sedentary counterparts (data not shown). Despite an apparent delayed recovery in endothelial cells from collateral-dependent compared with control arteries of exercise-trained pigs (Fig. 2B) , the area under the curve was only slightly increased in cells from the collateral-dependent arteries. Occlusion alone did not significantly alter basal or bradykinin-stimulated Ca 2ϩ levels in cells from sedentary animals.
Immunofluorescent confirmation of endothelial cell isolation from coronary arteries. In immunofluoresence studies, endothelial cells were morphologically distinguishable from other cell types as flat, round-shaped single cells or cell clusters. Generally, Ͼ75% of cells from multiple viewing fields were endothelial cells distinguished by their distinct shape, staining pattern, and uniformity. Nearly all endothelial cells visualized were studied. Because of the flat morphology of endothelial cells and the limits of light microscopy optical resolution, it was possible to only obtain a few confocal slices through each cell. Consequently, the plasma membrane region in medial confocal slices through the cell appeared much broader than that obtained from very thick, nonflattened cells such as fibroblasts (19) . Cells isolated from coronary arteries stained intensely for CD146, a marker specific for endothelial cells (Fig. 3A, blue pixels) . Double immunolabeling with anti-CD146 (blue) and antieNOS (green) showed that the CD146-containing cells also stained brightly for eNOS (green), also found primarily in endothelial cells (Fig. 3B) . CD146 was localized in the cytoplasm, whereas eNOS was primarily localized at the plasma membrane with some distribution in the cytosol. Triple immunolabeling with anti-CD146, anti-eNOS, and anti-caveolin-1 (red) detected the presence of all three proteins (Fig. 3C ). These data validate that the cells utilized for these studies were freshly isolated coronary artery endothelial cells. Fig. 3 . Confirmation of endothelial cell isolation from porcine coronary arteries and localization of endothelial nitric oxide synthase (eNOS) and caveolin-1. Endothelial cells were isolated from control arteries of sedentary pigs. Cells were fixed and triple immunolabeled with anti-CD146, anti-eNOS, and anti-caveolin-1, followed by fluorescent-labeled secondary antisera: anti-mouse-IgG-Cy5, anti-rabbit-IgG-FITC, and anti-mouse-IgM-Rhodamine Red X for detection of anti-CD146, -eNOS, and -caveolin-1, respectively. FITC, Rhodamine Red X, or Cy5 was excited with a 15-mW Kr-Ar laser using the 488-, 568-, and 647-nm bands, respectively. FITC, Rhodamine Red X, or Cy5 was detected through a DF522/35 filter, HQ598/40 band-pass filter, or DF522/35 filter, respectively. A: cells stained for CD146 (blue pixels), a marker specific for endothelial cells. B: superimposition of simultaneously acquired signals from anti-CD146 (blue pixels) and anti-eNOS (green pixels) further confirm the isolation of endothelial cells. C: superposition of simultaneously acquired signals from anti-CD146 (blue pixels), anti-eNOS (green pixels), and anti-caveolin-1 (red pixels). D: cellular images indicate that eNOS (green pixels) is primarily localized to the plasma membrane with some cytosolic distribution in freshly isolated endothelial cells. E: similarly, caveolin-1 (red pixels) was primarily distributed at the plasma membrane with some cytosolic distribution. F: superimposition of simultaneously acquired images of eNOS and caveolin-1 indicate prominent colocalization of these proteins at the plasma membrane. As illustrated (inset), the intensity of total (outer white circle) and plasma membrane-associated (inner white circle) green or red pixels for each cell was separately measured as described in MATERIALS AND METHODS.
Colocalization of eNOS and caveolin-1 at the plasma membrane of endothelial cells. Endothelial cells and cell clusters stained intensely with both anti-eNOS and anti-caveolin-1. Similar to our findings for eNOS distribution (Fig. 3D , green pixels), caveolin-1 was also primarily localized to the endothelial cell plasma membrane, with less intense staining in the cytoplasm (Fig. 3E, red pixels) . To determine if eNOS colocalized with caveolin-1, cells were double immunolabeled with anti-eNOS and anti-caveolin-1. Superimposition of the simultaneously acquired images revealed colocalization of eNOS and caveolin-1 primarily at the plasma membrane (Fig. 3F , orange-red pixels).
Effect of chronic occlusion and exercise training on the cellular distribution of eNOS and caveolin-1. The effect of chronic coronary artery occlusion and exercise training on the cellular distribution of eNOS and caveolin-1 was quantitatively assessed in double-immunolabeled endothelial cells. In Fig. 4,  A-D, a-c show the cellular distribution of both eNOS (green pixels) and caveolin-1 (red pixels) under basal conditions (a) and after 1-min (b) and 5-min (c) incubation periods with bradykinin. In Fig. 4, A-D, d-f show the distribution of colocalized eNOS and caveolin-1 (yellow pixels) simultaneously acquired under the same conditions. Figure 4 , E and F, displays the quantitative data of images taken from 40 -70 cells for each treatment group. Under basal conditions, neither chronic occlusion nor exercise training altered the percentage of cellular eNOS distributed at the plasma membrane (Fig. 4E) . Similarly, the basal distribution of caveolin-1 at the plasma membrane was not significantly altered by occlusion or exercise training (Fig. 4F) . Importantly, the plasma membrane cellular distribution of eNOS and caveolin-1 in sham-operated animals did not differ between endothelial cells isolated from the LAD (60 Ϯ 8%) and LCX (63 Ϯ 6%) arteries and was not significantly different from chronically occluded animals. Taken together, these data indicate that chronic coronary occlusion and exercise training did not alter the basal cellular distribution of eNOS or caveolin-1.
The cellular distribution of eNOS and caveolin-1 was also determined after a 1-min (Fig. 4, A-D, b and e) or 5-min (Fig.  4 , A-D, c and f) incubation with bradykinin. Results from quantitative analysis (Fig. 4E ) indicated that bradykinin treatment for 1 min did not significantly alter eNOS distribution at the plasma membrane of endothelial cells isolated from the control or collateral-dependent arteries of sedentary or exercise-trained pigs. In contrast, 5 min bradykinin exposure produced a small but significant decrease in eNOS distribution at the plasma membrane in the collateral-dependent arteries of exercise-trained pigs compared with basal conditions. Caveolin-1 distribution at the plasma membrane was not altered following 1 min bradykinin exposure in the control arteries of sedentary animals or collateral-dependent arteries of sedentary or exercise-trained animals compared with basal conditions (Fig. 4F) . In contrast, the percentage of caveolin-1 associated with the plasma membrane after 1 min bradykinin exposure was significantly decreased in cells of the control artery of exercise-trained pigs. Interestingly, the response of endothelial cells from arteries of sedentary and exercise-trained animals to 5 min incubation with bradykinin was highly diverse. The distribution of caveolin-1 at the plasma membrane was significantly increased in endothelial cells of both the control and collateral-dependent arteries from sedentary animals following 5 min bradykinin exposure. In contrast, 5 min bradykinin treatment significantly decreased the distribution of caveolin-1 at the plasma membrane of endothelial cells from control and collateral-dependent arteries of exercise-trained pigs.
Effect of chronic occlusion and exercise training on basal and bradykinin-stimulated eNOS-to-caveolin-1 ratio in endothelial cells.
Although exercise training tended to increase the basal eNOS-to-caveolin-1 ratio at the plasma membrane of endothelial cells from both control and collateral-dependent arteries compared with that of sedentary pigs, this effect did not achieve statistical significance (Fig. 4G) . Bradykinin exposure significantly decreased the eNOS/caveolin-1 ratio at the plasma membrane in both the control and collateral-dependent arteries of sedentary animals. In contrast, bradykinin exposure significantly enhanced the eNOS/caveolin-1 ratio at the plasma membrane in endothelial cells from both arteries of exercisetrained pigs. The distinct response of endothelial cells from arteries of sedentary and exercise-trained pigs to bradykinin treatment resulted in eNOS/caveolin-1 ratios that were 2.6-and 2.3-fold higher in endothelial cells of the control and collateraldependent arteries of exercise-trained compared with sedentary pigs. This disparate response in the eNOS/caveolin-1 ratio was primarily attributable to the diversity in the bradykinin-mediated redistribution of caveolin-1 at the plasma membrane.
Basal levels of phosphorylated and total eNOS and Akt and caveolin-1 proteins. Determination of protein levels by immunoblot revealed that exercise training significantly increased eNOS (Fig. 5A) , as well as phosphorylated (pSer 1179 ) eNOS, protein content in collateral-dependent arteries (Fig. 5B) . The protein content of total eNOS was also significantly increased in collateral-dependent arteries of sedentary pigs, and p-eNOS (pSer 1179 ) also tended to be increased by occlusion alone (P ϭ 0.09) (Fig. 5B) . On the other hand, the protein content of p-eNOS (pThr 497 ) was not altered (P ϭ 0.10) by occlusion or exercise training (Fig. 5C) . Similarly, caveolin-1, Akt, and pAkt (pSer 473 ) were not altered significantly by occlusion or exercise training (Fig. 5, D-F) .
Time course of bradykinin-induced changes in phosphorylation status of eNOS and Akt. We examined the time course effect of bradykinin treatment on phosphorylated levels of eNOS both at pSer 1179 and pThr 497 , as well as phosphorylation of Akt at pSer 473 . Figure 6A provides representative immunoblots for the phosphorylated proteins of interest and ␤-actin, as loading control, of arterial rings that were untreated (PSS) or treated with bradykinin for specified durations as indicated. -Akt from all arterial rings studied is shown in Fig. 6B . These studies demonstrate that bradykinin treatment elicited a transient increase in pSer 1179 -eNOS protein levels, with the average peak at the 60-s incubation and recovering to below basal levels at the 120-s incubation. The peak response, relative to PSS-treated rings and independent of specific time of bradykinin treatment, between control and collateral-dependent arteries from sedentary and exercise-trained pigs was not significantly different, suggesting that neither occlusion nor exercise training altered the bradykinin-stimulated phosphorylation of eNOS at Ser 1179 (Fig. 6C) . As also shown in Fig. 6C , bradykinin stimulation of endothelial cells resulted in dephosphorylation of Thr 497 -eNOS throughout the bradykinin time course. Although a nadir was not obtained in the time course presented, our preliminary data indicated that phosphorylation levels of Thr 497 -eNOS started to return toward basal levels after 3 min of bradykinin treatment. It is also evident that the reduction in phosphorylation levels begins to taper off at the 120-s time point (Fig. 6B) . The greatest level of dephosphorylation obtained between control and collateral-dependent arteries from sedentary and exercise-trained pigs was not significantly different, suggesting that neither occlusion nor exercise training altered the bradykinin-stimulated dephosphorylation of eNOS at Thr 497 (Fig. 6C) . Examination of bradykininstimulated phosphorylation of Akt at Ser 473 revealed that the peak response occurred at 90 s and began to recover toward basal levels at the 120-s incubation.
Bradykinin-stimulated NOx levels. NOx levels in response to bradykinin stimulation were significantly greater in arterial rings isolated from exercise-trained compared with sedentary pigs (Fig. 7) . Occlusion did not significantly alter bradykinin-stimulated NOx levels in sedentary or exercise-trained animals.
Contribution of nitric oxide to resting tension.
For isometric tension studies, analyses of dimensional characteristics revealed that both the outer and luminal diameters of collateraldependent LCX arterial rings from sedentary animals were slightly, but significantly, smaller than control LAD rings of both sedentary and exercise-trained pigs ( Table 1) . Incubation of coronary arterial rings with the nitric oxide synthase inhibitor N G -nitro-L-arginine methyl ester (L-NAME, 100 M; Fig. 8 ) increased resting tension in all treatment groups; however, collateral-dependent arteries displayed a significantly greater increase in tension than control rings. The basal effect of L-NAME in sham-operated animals did not differ between the LAD (0.41 Ϯ 0.09 g) and LCX (0.38 Ϯ 0.14 g) arteries and was not significantly different from the control artery of chronically occluded sedentary animals (0.39 Ϯ 0.06 g).
DISCUSSION
In this study, we document several novel findings regarding the effect of exercise training on the cellular and molecular mechanisms involved in the regulation of eNOS in the underlying setting of chronic coronary artery occlusion. Our data reveal that exercise training augments the bradykinin-stimulated increase in cytosolic free Ca 2ϩ levels of endothelial cells isolated from both control and collateral-dependent coronary arteries compared with Ca 2ϩ levels from sedentary animals. Exercise training also produced increases in bradykinin-stimulated NOx levels that corresponded closely with the peak Ca 2ϩ responses. Despite no significant effect of exercise training on the basal eNOS/ caveolin-1 ratio at the plasma membrane, bradykinin exposure significantly enhanced the eNOS/caveolin-1 ratio at the plasma membrane of endothelial cells from both the control and collateral-dependent arteries of exercise-trained pigs. In contrast, bradykinin exposure significantly decreased the eNOS/caveolin-1 ratio at the plasma membrane in endothelial cells from both the control and collateral-dependent arteries of sedentary pigs. These distinct responses between sedentary and exercise-trained animals in the eNOS/ caveolin-1 ratio were primarily attributable to the diversity in the bradykinin-mediated redistribution of caveolin-1 at the plasma membrane. We also provide the first demonstration that protein levels for total eNOS and phosphorylated eNOS at Ser 1179 were increased in collateral-dependent arteries of exercise-trained pigs.
The enhanced bradykinin-stimulated NOx levels and Ca 2ϩ responses in endothelial cells of both control and collateral-dependent arteries after exercise training provide compelling support regarding previous observations in this model that control and collateral-dependent coronary arteries of exercise-trained swine display enhanced bradykininand ADP-mediated relaxation compared with sedentary pigs (10) . These previous studies also reported that the enhanced agonist-mediated relaxation responses were partly dependent on the nitric oxide signaling pathway. Indeed, cytosolic Ca 2ϩ levels are a crucial determinant of eNOS activity since eNOS achieves maximal activation only when cytosolic Ca 2ϩ reaches an adequate level to stimulate calmodulin binding to eNOS and facilitates the electron flux necessary for catalytic activity of the enzyme and nitric oxide production (32) . Taken together, these data suggest that the enhanced bradykinin-mediated increase in endothelial cytosolic Ca 2ϩ likely contributes to greater eNOS activity, nitric oxide production, and enhanced bradykinin-induced relaxation in both control and collateral-dependent coronary arteries from exercisetrained pigs (10) . In addition to the nitric oxide signaling pathway, increases in endothelial cytosolic Ca 2ϩ levels also have been shown to activate the cyclooxygenase and endothelium-derived hyperpolarization pathways. Thus the small increases in bradykinin-stimulated relaxation in arteries from exercise-trained pigs that persist in the presence of nitric oxide synthase inhibition (10) may be attributable to other Ca 2ϩ -dependent endotheliummediated vasodilatory pathways.
Our data also demonstrate that exercise training produced significantly decreased basal Ca 2ϩ levels in endothelial cells from both the control and collateral-dependent arteries that were most pronounced in cells from the collateral-dependent artery. This interesting adaptation may compensate for potential upregulation of other pathways contributing to vasodilatation in the basal state. For example, in the collateral-dependent artery of exercise-trained pigs, our data reveal increased eNOS protein levels under basal conditions. Reduced basal endothelial cytosolic Ca 2ϩ levels in concert with enhanced eNOS protein would limit vasodilatation under resting conditions, yet allow for rapid Ca 2ϩ mobilization, eNOS activation, and enhanced nitric oxide production and coronary vasodilatation under conditions of increased cardiac metabolic demand (i.e., exercise). However, the exercise training-mediated reduction in basal Ca 2ϩ levels in cells from the control artery may also be an adaptive response to increased activity of another mechanism of vasodilatation not revealed in this study. Unfortu- nately, direct measures of basal NOx levels were not included in this study.
Ca 2ϩ -dependent activation of calmodulin is also important in the displacement of caveolin-1 from eNOS. Caveolin-1, an integral membrane protein in caveolae, serves as a structural scaffold for numerous signaling molecules, including eNOS. The interaction of eNOS and caveolin-1 suppresses eNOS catalytic activity, but this tonic inhibition by caveolin-1 can be displaced by calmodulin (21) in a Ca 2ϩ -dependent manner (26) . Bradykinin stimulation appeared to have a greater effect on the cellular distribution of caveolin-1 rather than eNOS in both sedentary and exercise-trained pigs. Exposure to bradykinin for 5 min resulted in a net increase in caveolin-1 associated with the plasma membrane of endothelial cells from both control and collateral-dependent arteries of sedentary animals. Because a similar response was not observed after 1 min incubation with bradykinin, we speculate that this may be an adaptive response to relatively long-term exposure to bradykinin. Indeed, evaluation of bradykinin-mediated relaxation in arterial rings reveals that responses are transient and peak within 1-2 min after bradykinin addition. These results suggest that the increased distribution of caveolin-1 at the plasma membrane may function as a compensatory mechanism to limit continued stimulation of plasma membrane-associated eNOS. On the contrary, 1 and 5 min bradykinin treatment decreased caveolin-1 distribution to the plasma membrane in cells of both the control and collateral-dependent arteries of exercise-trained pigs. These seemingly contradictory adaptations are difficult to reconcile but may be attributable to differences in additional adaptations in cellular signaling pathways not examined. The resultant eNOS/caveolin-1 ratio at the plasma membrane was significantly enhanced in exercise-trained compared with sedentary animals in cells from both the control and collateraldependent arteries. These data suggest that the bradykininstimulated distribution of caveolin-1 away from the plasma membrane may contribute to increased eNOS activity following exercise training.
Previous studies have also documented that the interaction of eNOS with the bradykinin receptor inhibits eNOS activity, whereas bradykinin treatment disrupts this interaction and enhances eNOS activity by redistributing the enzyme away from the plasma membrane (6, 21, 26, 27) . Thus any change in eNOS distribution in response to bradykinin may contribute to alterations in eNOS activation status. The plasma membrane distribution of eNOS in endothelial cells isolated from collateral-dependent arteries of exercise-trained pigs was significantly reduced after bradykinin treatment, suggesting net migration of eNOS from the plasma membrane to the cytosolic compartment. This bradykinin-induced redistribution of eNOS may contribute to the restored bradykinin-mediated relaxation observed in coronary vasculature distal to chronic occlusion in exercise-trained animals (10) . Whether a change in the association of eNOS from caveolar to noncaveolar lipid rafts of the plasma membrane is altered by coronary occlusion and/or exercise training is unknown.
In our study, the majority of eNOS and caveolin-1 was localized at the plasma membrane of arterial endothelial cells under basal conditions. This distribution is consistent with the basal distribution reported previously for cultured bovine aortic endothelial cells (31) . The lack of redistribution of eNOS away from the plasma membrane after bradykinin stimulation is consistent with some studies (23) but opposes others (31, 41) . Indeed, the fate of eNOS localization after agonist-induced dissociation from caveolin-1 is somewhat controversial, primarily limited to study of cultured cell lines (23, 31, 41) , and appears to display a heterogeneity of responses across vascular beds (2) .
In addition to activation of eNOS by Ca 2ϩ -dependent mechanisms, the dynamic regulation of eNOS also involves phosphorylation at numerous sites, including Ser 1179 and Thr 497 . Phosphorylation of Ser 1179 increases eNOS catalytic activity by increasing electron flux at the reductase domain and increasing the Ca 2ϩ sensitivity of the enzyme (5, 25) . Similar to previous observations in porcine aortic endothelial cells (7), stimulation with bradykinin elicited a transient increase in phosphorylation at Ser 1179 that returned to basal levels with more prolonged agonist stimulation. It is interesting to note that basal levels of Ser 1179 phosphorylation appeared more robust in cells of our intact arterial rings than levels observed in cultured endothelial cells (7), suggesting that the recent exposure of our arterial rings to mechanical forces associated with blood flow likely contributed to enhanced basal levels of Ser 1179 phosphorylation. Similar to our findings, these previous studies also reported a transient dephosphorylation of Thr 497 with bradykinin stimulation (7) that recovered to basal levels with more prolonged exposure. The phosphorylation of the protein kinase Akt, a primary determinant of eNOS phosphorylation at Ser 1179 , was not altered significantly by bradykinin exposure, as reported previously (7) . Previously, our group has reported that exercise training increases both total eNOS and phosphorylated eNOS (pSer 1179 ) protein levels in small coronary arteries (ϳ200 m luminal diameter) from the collateraldependent compared with the control, nonoccluded region (15) . Interestingly, previous studies in control pigs have reported no significant effect of exercise training on eNOS protein levels in conduit coronary arteries (22) .
Coronary angiograms from our pigs demonstrate that the myocardial region formerly perfused by the native LCX artery is completely dependent upon collateral vessels for blood flow after ameroid-induced occlusion. Based on previous studies by Roth and colleagues (33) , collateral vessel development in this porcine model is sufficient to maintain normal blood flow into the collateral-dependent region under resting conditions, although perfusion is significantly attenuated during acute exercise. Furthermore, histological analyses (33, 34) demonstrate that the porcine model of chronic occlusion and exercise training displays infarct size of ϳ5-7% of the LCX-supplied myocardial region or ϳ1% of the left ventricle. These investigators also report that, at rest, myocardial function in the collateral-dependent LCX region was similar to that observed in the control LAD region, whereas, during severe exercise, contractile function of the collateral-dependent region was reduced markedly (33) . Taken together, these data indicate that the porcine model of progressive, chronic occlusion is a model of stress-induced ischemic heart disease that closely mimics human chronic coronary disease.
Limitations
Measures of endothelial cell free Ca 2ϩ using fura 2 were completed at room temperature based on previous studies that revealed that bradykinin-stimulated Ca 2ϩ transients in porcine aortic endothelial cells were most pronounced at 20 -25°C, whereas transients at 35-40°C were approximately half of that observed at the lower temperatures (29) . Therefore, to ensure that we obtained a sufficient number of cells with quantifiable fura 2 transients in our experiments, we completed our studies at room temperature (22-25°C). Furthermore, performing fura 2 studies in isolated cells at room temperature is considered an accepted approach, as indicated by numerous publications from multiple laboratories in this field (28, 43, 44, 46) . Irrespective, our studies utilized endothelial cells isolated from sedentary and exercise-trained animals studied under identical conditions and provided the first evidence for training-induced changes in coronary endothelial cell Ca 2ϩ mobilization in a model of chronic coronary occlusion and collateral development.
Clinical Implications and Conclusions
Distal vascular resistance within collateral-dependent myocardium has been shown to contribute to the regulation of coronary tone and myocardial perfusion to ischemic myocardium in human patients (3, 14, 30, 35, 37 ) and experimental animal models of coronary artery disease (1, 8 -11, 38, 39) , including effects on vasodilator reserve capacity (35, 37) . Furthermore, impaired endothelial function of collateral-dependent vasculature (8 -11, 14, 38) may have profound effects on blood flow to the myocardium-atrisk, as well as implicate potential beneficial mechanisms of exercise in coronary artery disease. Indeed, as suggested by Hambrecht et al. (14) , the most potent vascular effects of exercise training may be upon improved endotheliumdependent vasodilatation and coronary blood flow reserve in diseased hearts (10, 11, 13, 14) . Our results provide new insights into endothelial mechanisms that may underlie these effects in coronary artery disease.
Our isometric tension data (Fig. 8) suggested that nitric oxide contributed to basal tone to a greater extent in collateraldependent than control arteries of both sedentary and exercisetrained pigs. It is interesting to note that arteries with the greatest contribution of nitric oxide to basal tone also displayed the highest protein levels for total and phosphorylated eNOS, suggesting that basal nitric oxide levels may be most attributable to eNOS phosphorylation levels. An increased contribution of nitric oxide to basal tone in the collateral-dependent arteries may maintain these arteries in a more dilated state under resting conditions to enhance resting blood flow to the ischemic region. In contrast, bradykinin-stimulated NOx levels closely paralleled the peak Ca 2ϩ response in the four artery treatment groups, suggesting that Ca 2ϩ -calmodulin-mediated stimulation of eNOS appears to be the primary mediator of eNOS activity in agonist-stimulated conditions. Relevant to these findings, Hambrecht and colleagues (13) subjected patients to a 4-wk exercise training program before coronary artery bypass surgery. Subsequent ex vivo evaluation of a sample of the left internal mammary artery taken at surgery revealed improved endothelium-dependent relaxation and increases in eNOS protein and mRNA expression and enhanced phosphorylation of eNOS at Ser 1179 and Akt at Ser 473 in patients that were exercise trained compared with sedentary counterparts (13) .
The present studies suggest that exercise training elicits adaptations in cellular mechanisms involved in the regulation of eNOS that likely contribute to the enhanced nitric oxide observed in coronary arteries of ischemic hearts. Taken together with previous findings that agonist-mediated, nitric oxide-dependent relaxation is enhanced in both control and collateral-dependent arteries of exercise-trained animals (9, 10), the current studies support the concept that exercise training enhances the regulatory role for nitric oxide in coronary function in the underlying setting of coronary artery disease. We speculate that chronic, intermittent increases in coronary blood flow that are associated with exercise training generate mechanical forces, including shear stress and distention, at the vascular wall that may contribute to the adaptations observed in these studies. In addition to the nitric oxide signaling pathway, increases in endothelial cytosolic Ca 2ϩ levels also have been shown to activate the cyclooxygenase and endothelium-derived hyperpolarization pathways. Thus exercise training-induced adaptations in agonist-stimulated endothelial cell Ca 2ϩ mobilization could potentially have profound effects on coronary vasodilatation and thus contribute to improved perfusion and enhanced vasodilator reserve that would be especially effective in the collateral-dependent myocardium.
